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Abstract

Sediment proxy data from the Norwegian, Greenland, and Iceland seas (Nordic seas) are presented to evaluate surface
water temperature (SST) differences between Holocene and Eemian times and to deduce from these data the particular
mode of surface water circulation. Records from planktic foraminiferal assemblages, CaCO3 content, oxygen isotopes of
foraminifera, and iceberg-rafted debris form the main basis of interpretation. All results indicate for the Eemian compar-
atively cooler northern Nordic seas than for the Holocene due to a reduction in the northwardly flow of Atlantic surface
water towards Fram Strait and the Arctic Ocean. Therefore, the cold polar water flow from the Arctic Ocean was less in-
fluencial in the southwestern Nordic seas during this time. As can be further deduced from the Eemian data, slightly higher
Eemian SSTs are interpreted for the western Iceland Sea compared to the Norwegian Sea (ca. south of 70ºN). This Eemian
situation is in contrast to the Holocene when the main mass of warmest Atlantic surface water flows along the Norwegian
continental margin northwards and into the Arctic Ocean. Thus, a moderate northwardly decrease in SST is observed in the
eastern Nordic seas for this time, causing a meridional transfer in ocean heat. Due to this distribution in SSTs the Holocene
is dominated by a meridional circulation pattern. The interpretation of the Eemian data imply a dominantly zonal surface
water circulation with a steep meridional gradient in SSTs.  1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Terrestrial evidence from ice cores and floral
records reveal that during the past 140 ka only
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600 2941; E-mail: hbauch@geomar.de

the last interglaciation, the Eemian (marine oxygen
isotope stage 5e), had climatic conditions which in
many respect appear comparable to the Holocene
(e.g., Woillard, 1978), for example, indicating for
western Europe slightly higher temperatures for mid-
to higher latitudes then (Velichko et al., 1984; Guiot
et al., 1993). During the past 20 years many studies
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have dealt with the paleoceanography of the Ice-
land, Greenland, and Norwegian (Nordic) seas. They
were based on calcium carbonate, stable isotope,
and micropalaeontological data that, on a broader
scale, greatly enhanced the knowledge about major
glacial=interglacial variations during the late Qua-
ternary oceanographical evolution of the Nordic
Seas (e.g., Kellogg, 1980; Belanger, 1982; CLIMAP,
1984; Labeyrie et al., 1987; Henrich et al., 1989).
Although more interest in marine Eemian records at
northern latitudes was initiated recently (e.g., Keig-
win et al., 1994; McManus et al., 1994; Bodén and
Backman, 1996), profound palaeoceanographic re-
constructions as they have been suggested for the
past 20 ka (e.g., Lehman et al., 1991; Sarnthein et
al., 1995) are still lacking for the last interglacia-
tion in the Nordic seas despite some first attempts
(Kellogg, 1980; Cortijo et al., 1994; Bauch, 1996;
Fronval and Jansen, 1996)

Studying sediments from the Nordic seas, Kellogg
(1980) was the first to note that Holocene-like surface
water conditions occurred during marine oxygen iso-
tope stage 5e (MIS 5e). His conclusions were based
on planktic foraminiferal data and the deduced pattern
of surface water circulation did not differ significantly
from the Holocene situation. Haake and Pflaumann
(1989) recognized development of ‘modern-like’ sur-
face water circulation and bottom water formation
during the last interglaciation in the later part of MIS
5e. Although their study was based on cores from a
very limited area of the NE Norwegian Sea recent
investigations of the last interglaciation confirm the
previous conclusion that the planktic foraminiferal
assemblage over the southern part of the Nordic seas
is in general quite comparable to the Holocene (Bauch
et al., 1996; Fronval and Jansen, 1996).

All species of planktic foraminifera that occur in
late Pleistocene or Holocene sediments of the higher
latitudes can be assigned to either a polar or a subpo-
lar assemblage (Kipp, 1976; Hemleben et al., 1989).
In the Nordic seas these assemblages correspond to
either a glacial or an interglacial group. Neoglobo-
quadrina pachyderma sinistral (sin.) is the only true
polar species in this area. This species has been re-
lated to cold water masses (<10ºC) and makes up
>95% of the assemblage in surface waters below
5ºC (Bé and Tolderlund, 1971). In comparison, the
subpolar group is predominantly made up of Tur-

borotalita quinqueloba (Bauch, 1994, 1996). Species
of temperate or subtropical provenance occur oc-
casionally (Kellogg, 1984; Haake and Pflaumann,
1989). These latter species are sparse and mostly
restricted to the Eemian and then only to the south-
eastern part of the Nordic seas where the influence
of North Atlantic surface water is strongest today
and was also presumably strong during the past in-
terglaciation (Kellogg, 1980).

Estimates of past sea surface temperatures (SST)
derived from foraminiferal assemblages have long
been a common tool to express glacial–interglacial
contrasts (CLIMAP, 1981, 1984). The same methods
have been transferred to other planktic proxy data
(e.g., Koç-Karpuz and Jansen, 1992). However, ter-
restrial and marine records (e.g., Stute et al., 1995;
Bard et al., 1997) now indicate that for instance dur-
ing the last glacial maximum (LGM) temperatures
in the tropics were much lower than suggested by
the CLIMAP studies based on foraminifera, essen-
tially leaving doubt on the methodological validity of
foraminiferal-derived SSTs at these latitudes. These
problems should be kept in mind when evaluating
environmental parameter from foraminiferal data of
the Nordic seas, where very complex gradients in
temperature and salinity shape the upper hydrogra-
phy today and presumably also in the past.

The intent of this study is to demonstrate the use-
fulness of various important climate proxy tools for
regional paleoceanography, and to show that by us-
ing a multiproxy approach, surface water conditions
in the Nordic seas during the last interglaciation were
in a qualitative respect quite dissimilar from those of
Holocene times.

2. Oceanographic setting, material, and methods

Today, the surface water regime of the Nordic seas
is characterized by a threefold subdivision (Swift,
1986). Salinity and temperatures decrease towards
the north and west. Relatively warm high salinity
Atlantic surface water (6–11ºC, >35‰) flows as
Norwegian Current (NC) along the Norwegian and
Svalbard shelf margins northward into the eastern
Arctic Ocean basin. This forms the Atlantic Domain
(Fig. 1). The western part of the Nordic seas is
marked by the outflow of the relatively cold and at



H.A. Bauch et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 145 (1999) 95–117 97

Fig. 1. Simplified modern surface water circulation of the Nordic seas and its major oceanographic regimes (Swift, 1986); POD (Polar
Domain), ARD (Arctic Domain), AND (Atlantic Domain). Grey and black arrows denote warmer and cooler surface currents, respectively.
EGC (East Greenland Current), NC (Norwegian Current); KR (Kolbeinsey Ridge).

the surface low salinity water (<0ºC, <34.4‰) of
the East Greenland Current (EGC) from the Arctic
Ocean. The EGC flows from the Nordic seas through
Denmark Strait into the North Atlantic making up
the Polar Domain. The Polar and Atlantic Domain
are separated by mixed water termed the Arctic
Domain. The Arctic Domain is the main site of
deep water formation in the Nordic seas, and has
two distinct oceanographic fronts on either side.
Due to the northerly flow of the Atlantic water the
Nordic seas display a S–N alignment of these fronts
with a moderate temperature decrease on the eastern
side but with a steep temperature gradient towards
Greenland (Dietrich, 1969; Swift, 1986).

The data presented here derive from long grav-
ity cores and trigger box cores that were collected
from the Nordic seas during several cruises over the
past decade (Fig. 1, Table 1). The stratigraphical
framework of these cores is mainly based on oxy-
gen stable isotope records measured on the plank-
tic foraminifera N. pachyderma sin. Benthic stable
isotope analyses which were performed on Cibici-
doides wuellerstorfi and Oridorsalis umbonatus are
corrected by C0.64‰ and C0.36‰, respectively, to
account for their individual species-dependent de-
parture from isotopic equilibrium (Duplessy et al.,
1988). All isotope measurements were carried out
on multi-specimen samples using a fully automated
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Table 1
List of investigated cores

Site Geographical position Water depth
(m)

latitude (N) longitude

PS1243 69º22.30 06º32.10W 2710
PS1244 69º22.00 08º40.00W 2162
PS1246 69º23.60 12º52.10W 1902
PS1247 69º29.50 17º7.00W 1400
PS1535 78º44.80 01º47.40E 2557
PS1906 76º50.10 02º09.10W 2939
M17732 71º36.80 04º12.80E 3103
M23055 68º25.40 04º01.30E 2311
M23059 70º18.30 03º07.40W 2281
M23062 68º43.70 00º10.10E 2244
M23063 68º45.00 00º00.00W 2299
M23065 68º29.70 00º49.10E 2802
M23342 71º38.20 08º38.20W 1974
M23352 70º00.40 12º25.80W 1819
M23359 65º31.70 04º09.60W 2820

Finnigan MAT 251 mass spectrometer (Leibniz Lab-
oratory at Kiel University). Where radiocarbon mea-
surements have been performed on N. pachyderma
sin. for age determination, all marine datings are
reservoir corrected by subtracting 400 years.

Sample intervals are 5–10 cm for the long cores
and 2–5 cm for the box cores and Holocene sections.
Some Eemian sections have been sampled at 1 and
2 cm intervals, although in most cases the Eemian
interval was sampled at wider spacings than the
Holocene. But the large number of investigated cores
and the fact that certain cores from key positions
were also sampled at closer intervals in the Eemian
sections will ensure a reliable picture of the general
trends. Furthermore, care was taken to sample the
central part of the Eemian interglacial section, which
can be usually recognized by its distinct sediment
colour due to high carbonate content.

In studying the planktic foraminiferal fauna, the
125–250 and 250–500 µm size-fraction were exam-
ined separately to make better estimates of abun-
dance of the relatively small subpolar species T.
quinqueloba and other rarely occurring species that
are larger than 250 µm (Bauch, 1992, 1994). The
faunal results are expressed as test concentrations
(specimens per gram of dry sediment) and as relative
abundances (%).

From some Holocene and Eemian samples the

content of long-chain alkenones were measured in
order to (1) derive SSTs from the alkenone U K 0

37
and (2) to compare these SSTs with the overall
pattern deduced from the foraminiferal assemblage
data. The alkenone composition was analysed by
GC=MS which consists of a gas chromatograph (HP
5890, column 30 m ð 0.25 mm; film thickness 0.25
µm; liquid phase: HP 5) and a mass spectrometer
(MSD, HP 5972, 70 eV electron-impact-ionisation,
Scan 50–650 m=z, 1 scan=s, ion source tempera-
ture 175ºC). For further details concerning extraction
and saponification see Fahl and Stein (1998). The
unsaturation index U K 0

37 was calculated according to
three different calibration methods (Prahl and Wake-
ham, 1987; Sikes and Volkman, 1993; Rosell-Melé
et al., 1995; Table 2). Due to the comparability of
the investigation areas, the calibration published by
Rosell-Melé et al. (1995) was used for our inter-
pretation. We want to point out that the records of
long-chain unsaturated alkenones in high-latitude,
low temperature areas are difficult to interpret and
often discussed (e.g., Conte and Eglinton, 1993).
Thus, the results should be assessed as an estima-
tion which, however, appears to be permissible in
combination with the other data.

To be sure that we would compare core sections
which were deposited under similar climatic condi-
tions (Bauch et al., 1996), the cessation and recur-
rence of the iceberg-rafted debris (IRD) in relation
to the Holocene and Eemian intervals were carefully
noted. This approach allows a defined separation
of those core section which were deposited during
the time of major deglaciation (Termination), i.e.,
marked by input of IRD and freshwater from melting
icebergs, from the ensuing core sections which are
characterized by low or no IRD content but high
abundance of warm-water indicating foraminiferal
species (Bauch et al., 1996).

3. Palaeoceanographic proxy records

3.1. Conditions during the last two
glacial–interglacial cycles

Fig. 2 provides a general overview of changing
conditions during the last two glacial–interglacial
cycles, showing the distribution of various proxies
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Table 2
Results of U K 0

37 analyses and calculated SST-estimates

Core U K 0
37 T (ºC) T (ºC) T (ºC) T (ºC)

(cm) (a) (b) (c) (d)

M23352
2 0.35 11.5 12.3 8.5
7 0.38 12.3 13.2 9.7

12 0.33 11.0 11.9 8
15 0.37 12.1 12.9 9.4
18 0.34 11.4 12.2 8.4
21 0.37 11.9 12.8 9.2 8.8
30 n.d. n.d. n.d. n.d.
34 n.d. n.d. n.d. n.d.

219 n.d. n.d. n.d. n.d.
222 n.d. n.d. n.d. n.d.
225 n.d. n.d. n.d. n.d.
227 0.39 12.6 13.4 10
228 0.44 13.9 14.7 11.7
232 0.37 11.9 12.7 9.1
238 0.39 12.6 13.4 10
241 0.45 14.0 14.8 12 10.5
244 n.d. n.d. n.d. n.d.
250 n.d. n.d. n.d. n.d.
260 n.d. n.d. n.d. n.d.

PS1243
6 0.45 14.1 14.7 11.9

10 0.42 13.2 13.8 10.9
14 0.42 13.2 13.9 10.9
17 0.43 13.5 14.1 11.2
18 0.42 13.2 13.9 10.9
20 0.45 14.1 14.6 11.9
22 0.46 14.3 14.9 12.2 11.4

210 0.36 11.6 12.5 8.9
216 0.38 12.2 13 9.6
219 0.37 11.9 12.8 9.2
225 0.38 12.2 12.9 9.6
230 0.39 12.4 13.2 9.9 9.2

M17732
30 0.49 15.0 15.8 13.3
50 0.54 16.2 17 14.9 14.1

355 0.43 13.4 14.2 11.1
370 0.46 14.2 15 12.2
395 0.43 13.6 14.4 11.3 11.5

(a) After Prahl and Wakeham (1987); (b) after Sikes and Volk-
man (1993); (c) after Rosell-Melé et al. (1995); (d) average T
for the Holocene and Eemian samples of (c); n.d. D not detected.

in a core from the eastern Nordic seas. The rel-
ative records of IRD and CaCO3 indicate variable
input of terrigenous material from melting icebergs
on one hand and pelagic carbonate productivity on
the other. The results demonstrate that similar cli-

mate boundary conditions existed during the late
Holocene and the upper part of MIS 5e and also
agree in this respect with previously published ac-
cumulation rates of CaCO3 and IRD for this area
(Baumann et al., 1995). As can be deduced from
the intervals with low IRD and high CaCO3 con-
tents in relation to the benthic and δ18O record, only
these sections reflect full-marine interglacial con-
ditions and times of lowest global ice volume. It
becomes further apparent that Termination II pen-
etrates far into the interval of MIS 5e which is
characterized by rather low δ18O values and, thus,
is not just restricted to the part of the δ18O slope
which follows MIS 6. This feature (see also Fig. 3a)
appears to be typical for Eemian sections in cores
from the Norwegian continental margin (Vogelsang,
1990; Baumann et al., 1995; Fronval and Jansen,
1996) and is probably due to enhanced deposition
of particularly fine-grained clastic sediments dis-
charged from melting icebergs during Termination
II in this area (Henrich et al., 1989). This discharge
obviously led to relatively high average sedimenta-
tion rates in Termination II compared with the later
part of MIS 5e when deposition of coarser-grained
pelagic components (e.g. foraminifera) became more
dominant. Therefore, much of the variability in the
planktic δ18O records which is observed in Termi-
nation II of cores M23055 and M23065 can be
attributed to rather short-termed and highly variable
seasonal meltwater fluxes rather than being the re-
sult of longer-termed climatic changes. Due to these
obvious problems associated with the particular sed-
imentation dynamics in this area throughout MIS 5e,
we refrained from constructing an age model for this
interval, even more so because an age model is not
essential to the outcome of this study.

For the following comparison of Eemian and
Holocene data, it is important to note that the car-
bonate record shows highest values together with
low IRD and lowest benthic oxygen isotope values,
i.e., smallest global ice volume. Due to the lack of
IRD we infer that freshwater from melting icebergs
could neither affect the planktic δ18O records nor
the foraminiferal habitat by lowering surface salinity
during this time. Furthermore, because these inter-
vals which are marked by warm-water indicating
planktic foraminifera also coincide with low global
ice volume during the Holocene and the Eemian re-
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Fig. 2. Comparison of δ18O records of the benthic species Oridorsalis umbonatus and Cibicidoides wuellerstorfi and the planktic
foraminifera Neogloboquadrina sin. with IRD (% of total entities) and CaCO3 (% of total weight of sample) over the past two
glacial=interglacial cycles. Shaded bars mark the marine interglacial optimum (MIO) within the Eemian (MIS 5e) and Holocene intervals
as interpreted from the lowest observed IRD content (note the difference in sample intervals between the upper and lower graph, which
may explain some of the slight offsets observed between the various records). Arrows indicate major oxygen isotope events (Martinson
et al., 1987), which frame the two interglaciations (figure is redrawn from Bauch et al., 1996).

spectively (Fronval and Jansen, 1996), we will refer
to each of these as the marine interglacial optimum
(MIO) proper. Therefore, only the data from the
MIOs are used for comparing Holocene with Eemian
sea surface conditions (Bauch et al., 1996).

Fig. 3. Species distribution of the Eemian (a) and Holocene (b) intervals in comparison with planktic δ18O and IRD. Shaded vertical
bars indicate the marine interglacial optimum (MIO) which is interpreted on the basis of low abundance (%) of the polar species N.
pachyderma sin. and none or lowest concentrations of iceberg-rafted debris (IRD). Subpolar species concentrations per gram of sediment
are shown on different scales (number in parentheses behind these species names refer to the top scale of the vertical axis on the right
hand side). VA D Vedde Ash.

3.2. Composition of Eemian and Holocene faunal
assemblages

Both Eemian and Holocene faunal records (Fig. 3a,
b) show a decrease in the relative abundance of the po-
lar water species N. pachyderma sin. towards the end
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of the terminations. The highest abundances of in-
terglacial (subpolar) species are always found in the
IRD-free core sections. Of the subpolar foraminifera
in core M23055 T. quinqueloba totals ¾40% dur-
ing the Eemian and is by far the dominant species.
In the Holocene, the main phase of high subpo-
lar abundances falls between 8.5–4.5 ka (14C); this
time interval covers the Atlantic chronozone during
which highest Holocene temperatures were recorded
globally as well as regionally (COHMAP Members,
1988; Nesje and Kvamme, 1991). Turborotalita quin-
queloba dominates the subpolar fauna and makes up
to 70% of the total assemblage, whereas the other
subpolar species do not exceed 10% altogether. This
westward decline of subpolar species other than T.
quinqueloba is typical, indicating the wider range of
the latter in terms of water mass adaptation. There-
fore, the fauna of the Holocene and Eemian sections
is more diverse in the cores from the east, i.e., the
Vøring Plateau and further south, beneath the main
flow of Atlantic water, than to the west and north (see
also Kellogg, 1980). Globigerina bulloides, for exam-
ple, may be strictly regarded an Atlantic water type,
because on the Iceland Plateau (west of core PS1243)
and outside the Atlantic Domain this species is basi-
cally not encountered in both, surface and interglacial
sediments (Johannessen et al., 1994; Bauch, 1997).
In contrast, Eemian core sections from the southeast
contain, besides the shown species, also very low con-
centrations of, e.g., Globorotalia inflata, Glr. scitula,
Glr. truncatulinoides (Bauch, 1993). These species
are not usually considered subpolar, but belong to typ-
ical subtropical and=or temperate assemblages (Kipp,
1976). Their maximum abundances usually coincide
well with that of all other subpolar species (Bauch,
1993).

3.3. Holocene record

In Fig. 4 the relative distribution of the most abun-
dant subpolar and polar species in the Nordic seas,

Fig. 4. Faunal records (%) of the subpolar species T. quinqueloba (filled circle) and the polar species N. pachyderma sin. (stippled line)
since the LGM (MIS 2) in comparison with planktic δ18O analyzed on N. pachyderma sin. (open circle). The shaded interval represents
the marine interglacial optimum (MIO) as interpreted from the faunal evidence. The hatched bar marks the glacial–interglacial transition
(Termination I) and the upper limit of this bar the observed last occurrence of deglacial IRD. Grey dots in the graphs of cores M17732,
M23352, and PS1243 relate to the U K 0

37 temperature estimates (data from Table 2). Note the different scales for the δ18O records; VA D
Vedde Ash.

T. quinqueloba and N. pachyderma sin. are given in
comparison with the δ18O record for the time period
since the LGM. MIS 2 is clearly confirmed in all of
these cores not only by high glacial δ18O values but
also by the identification of the benthic foraminifera
Siphotextularia rolshauseni (Bauch, 1993) which in
the Nordic seas exhibits a renowned biostratigraphic
event throughout MIS 2 (Nees and Struck, 1994;
Struck, 1995). In nearly all cores, the abundance
record of T. quinqueloba, which, in the cooler re-
gions, is almost inversely related to N. pachyderma
sin. reveals a similar pattern after MIS 2: during
Termination I, there is a notable initial increase of
this species. But it is only after the deglaciation had
ceased that the abundance rises to peak values within
the Holocene. In core PS1243 the highest abun-
dances of T. quinqueloba fall between 8–5 ka (see
Fig. 3b). This is clearly above the Younger Dryas,
which in this region is commonly identified by the
stratigraphic position of the Vedde Ash (Mangerud
et al., 1984), and above the final deposition of IRD.
Ages between 9–6 ka for the main occurrence of
subpolar species and about 8.5 ka for the end of IRD
deposition have been recently reported from the SE
Norwegian Sea (Fronval and Jansen, 1996). These
ages are in good agreement with core PS1243.

There are some obvious differences in sedimen-
tation rates among our cores, e.g., PS 1243 records
an average sedimentation rate of ¾4 cm=kyr (sam-
ple resolution ¾460 yr) since the Vedde Ash datum
whereas PS1246 records only ¾1.8 cm=kyr (sample
resolution ¾1000 yr). In most cores the relation be-
tween faunal data on one hand and δ18O decrease
during Termination I on the other appears to be
similar at the end of IRD deposition, implying that
oceanographic changes in the Nordic seas since the
final stage of the last deglaciation occurred rapidly
and without major time lag.

In PS1243 there is a significant increase in polar
abundances between 8–7 ka. This cooling event can
also be observed in other cores (M17732, M23063)
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but appears to be restricted to the Norwegian Sea
(Bauch and Weinelt, 1997). In general, the faunal
records of al cores during the Holocene optimum re-
flect the present day situation: subpolar abundances
are highest along the Arctic Front and within the
Atlantic Domain whereas the western part reveals
a dominance of the polar species. Another inter-
esting feature is the continuous abundance decrease
in subpolar species in the Arctic Domain after 5
ka. Similar changes are also recognized in diatom
records from the Iceland Sea (Koç et al., 1993) and
in shelf sediments from SE Greenland (Williams et
al., 1995). Altogether, these records indicate that the
relative temperature gradient in the surface water be-
tween the western and the eastern Nordic seas has
steepened since the end of the Holocene climatic
optimum.

3.4. Eemian record

The variations in relative abundances of T. quin-
queloba and N. pachyderma sin. in comparison to
the isotope record for the time period of the last
interglacial are given in Fig. 5. The highest val-
ues of T. quinqueloba correlate well with the upper
part of MIS 5e, i.e., the IRD-free section. Like in
the Holocene, the increase of this species starts to-
wards the end of the deglacial interval. Within the
deglacial core sections δ18O records reveal charac-
teristic low values in most cores. These anomalies
are recognized in cores from either side of the south-
ern Nordic seas (see cores M23055, M17732, and
M23352 in Fig. 5) and it is believed that they reflect
meltwater discharge from thawing icebergs paired
with increased surface warming due to the rise in
solar irradiance during Termination II (Crowley and
Kim, 1994; Bauch et al., 1996). In all cores IRD was
noted again above the maximum of T. quinqueloba.
Together with a simultaneous increase in δ18O values
(see Figs. 2 and 3) this reappearance of IRD implies
enhanced iceberg calving around the Nordic seas

Fig. 5. Eemian faunal records (%) of the subpolar species T. quinqueloba (filled circle) and the polar species N. pachyderma sin.
(stippled line) in comparison with planktic δ18O analyzed on N. pachyderma sin. (open circle). The shaded interval represents the marine
interglacial optimum (MIO) as interpreted from the faunal evidence. The hatched bar marks the glacial–interglacial transition after MIS 6
(Termination II) and the upper limit of this bar the observed last occurrence of deglacial IRD. Grey dots in the graphs of cores M17732,
M23352, and PS1243 relate to the U K 0

37 temperature estimates (data from Table 2). Note the different scales for the δ18O records.

and a change in global ice volume towards the end
of MIS 5e (Bauch et al., 1996).

4. Eemian vs. Holocene: palaeoceanographic and
climatic implication

4.1. Estimates of surface water temperature
gradients

As the data above have shown, among the planktic
foraminiferal assemblage Turborotalita quinqueloba
has proven to be the best interglacial indicator
species in the Nordic seas due to its widespread
occurrence only in warm and iceberg-free intervals
and, thus, its obvious relation to times of thermoha-
line water mass circulation. In the ice-free Iceland
Sea plankton tow studies have revealed that this
symbiont-bearing species predominantly occurs in
the upper 50 m of the water column and within nor-
mal marine salinities (Carstens, 1991). This habitat
is well above the main calcification depth commonly
attributed to N. pachyderma sin., which lies deeper,
between 100–200 m (Hemleben et al., 1989). In the
western areas of the Iceland Sea and the Fram Strait,
which are covered by sea-ice and a halocline during
summer, T. quinqueloba lives between ¾50–100 m
water depth and distinctly within the higher salinity
waters (Carstens, 1991; Carstens et al., 1997). This
indicates that T. quinqueloba usually despises brack-
ish waters, an assumptions which seems consistent
with our observation of highest abundance of this
species only during IRD-free core intervals. It can
thus be concluded that the maxima in abundance
of T. quinqueloba noted for the Holocene and the
Eemian reflect times of full-marine conditions dur-
ing these two interglaciations, at least with regard to
sea surface salinities which in this area are inherently
linked to the advection of relatively high-salinity N.
Atlantic surface water.

In terms of ’absolute’ SST difference between the
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Fig. 6. Modern mean SSTs in the Nordic seas for the summer months of the period 1950–1990 (Environmental Working Group, 1998).
Both, U K 0

37 -derived SSTs and the faunal records from the Holocene reveal geographical gradients, which are similar to this modern SST
distribution (compare with Figs. 4 and 5).

two interglaciations, the results of the alkenone anal-
yses are given in Table 2 for cores M23352, PS1243,
and M17732 (along an E–W transect at about 70ºN).
We also have analysed core PS1906 from the Boreas
Basin but failed to find any alkenone signal in the
Eemian core section and only traces were detected in
Holocene samples. Compared with the modern SSTs
the U K 0

37 -derived average SSTs for the Holocene fit
modern temperature distribution in general pattern
but not in absolute value (Table 2; Figs. 4–6). This
deviation from the modern distribution may be due
either because we mainly analysed the climatic op-
timum or the common U K 0

37 -temperature calibrations
are not perfectly adjusted to estimate the relatively

cold SSTs in a polar–subpolar region. We do not
regard the short evolutionary changes in coccol-
ithophorid species composition as a problem, be-
cause Emiliani huxleyi and species of the genus
Gephyrocapsa are also present in Eemian sediments
from the Nordic seas (Bleil and Gard, 1989; Bau-
mann, 1990). Moreover, recent downcore studies
indicate that both of these groups produce compa-
rable C37 : C38 alkenone ratios (Müller et al., 1997).
Regardless of these various problems, the average
U K 0

37 -temperatures calculated for the Holocene and
Eemian at the three investigated sites clearly corrob-
orate the trends inferred from the relative proportions
of subpolar and polar foraminifera: Site M23352
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Fig. 7. Geographical distribution of faunal data (%) from Figs. 4 and 5 for the Holocene and Eemian MIOs, respectively. Numbers in
parentheses refer to N. pachyderma sin. and the other numbers to T. quinqueloba. Due to different sampling intervals applied on the
interglacial core sections, the shown numbers of T. quinqueloba are the highest observed in a specific region — for N. pachyderma sin.
the lowest — and are, therefore, equal or smaller than the actual peak abundance of the MIO. Despite some differences in sample density
applied to Holocene and Eemian core intervals, our values of N. pachyderma sin. (%) agree with other data from this area (Fronval and
Jansen, 1997).

shows a warmer Eemian than Holocene whereas in
cores PS1243 and M17732 SSTs appear cooler in
the Eemian than in the Holocene.

By using the maximum values of the faunal data
given in Figs. 4 and 5 it is possible to deduce a
basic palaeoceanographic scenario for the Holocene
and Eemian MIOs. From this it follows that both
of these intervals show a general south to north
decrease in subpolar abundance (Fig. 7). However,
there are marked regional differences, that is, in the
gradients between the Norwegian Sea in the east,
the Iceland Sea in the west, and the Boreas Basin
in the north. During the Holocene by far the high-
est subpolar abundances occur at the eastern sites
directly underlying today’s flowpath of Atlantic sur-
face water. These Holocene subpolar values decrease
towards the north and the west, i.e., towards those
regions with increasingly cooler modern surface wa-
ter conditions (Fig. 6). In contrast, the Eemian faunal
values display relatively similar conditions between
the Norwegian and the western Iceland Sea but a
sharp decrease towards the Greenland Sea and the
Boreas Basin. Although Eemian conditions were
equally favourable for T. quinqueloba approximately

south of 70ºN, they were comparatively better in
the western Iceland Sea in the Eemian than in the
Holocene.

It has been interpreted from surface sediment
analyses that T. quinqueloba may be tied to water-
mass frontal zones, in particular to the Arctic Front
(Johannessen et al., 1994). Indeed, we also note rela-
tively high abundances in Holocene sections at sites
close to this frontal zone (cores PS1243, M23059).
From this one could draw the conclusion that dur-
ing the Eemian the Atlantic Domain (i.e. the Arctic
Front) had shifted westwards at the expense of the
Arctic Domain. But besides that we observe the
highest abundances of T. quinqueloba at these sites
during the Holocene climatic optimum (and also fur-
ther east of the Arctic Front), a possible westward
shift in Eemian times is not confirmed by other data.
In core PS1244, Eemian test concentrations of G.
bulloides, a typical indicator for Atlantic waters in
the Nordic seas, remain as low as in the Holocene.
Farther west and north this species is not present in
either interglaciation (Bauch, 1997). Nevertheless, it
seems that the SE Norwegian Sea was still relatively
warm during the Eemian. This may be assumed from
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Fig. 8. Schematic palaeoceanographic models of the inferred re-
gional differences in surface water properties of the Nordic seas
for the Holocene and Eemian MIOs based on the relative abun-
dance of (1) T. quinqueloba and (2) total subpolar species (in
parentheses) — the latter are inversely related to N. pachyderma
sin. The numbers at the tips of the two triangles represent the
maximum faunal values taken from those sites in Fig. 7, which
are indicated by a filled circles (note the different scales for each
side and each group). The two isolines can be interpreted as
the main oceanographic fronts of the two interglaciations. BB D
Boreas Basin; IS D Iceland Sea; NS D Norwegian Sea.

the relatively higher proportions of subpolar species
other than T. quinqueloba out of the total subpolar
fauna (Fig. 8) observed at the Vøring Plateau (82%
in the Holocene but just 70% in the Eemian) which
may became advected to this area from a relatively
warm southern source.

Based on the simple oceanographic models in
Fig. 8, it is suggested that the major oceanographic
front in the Eemian — we infer that SST isolines
would have run roughly parallel to this front — was
aligned in a zonal E–W pattern whereas Holocene
SST isolines run in a meridional pattern similar to
the present day situation (Fig. 1).

4.2. CaCO3 and Ž18O as water mass proxy

Previous studies of calcium carbonate analyses
(bulk weight %) support our faunal results which in
the western Iceland Sea show higher carbonate con-
tents during the Eemian than during the Holocene
(Baumann et al., 1993). Today benthic and planktic
foraminiferal tests are well preserved in most parts
of the Nordic seas. Only in the Polar Domain along
the East Greenland continental margin, where the
EGC flows from the Arctic Ocean southward, we
observe very severe fragmentation of foraminiferal
tests (R.F. Spielhagen unpubl. data). In the western
Iceland Sea, the topographic high of the Kolbeinsey
Ridge (Fig. 1) rises on average above 900 m water
depth. This ridge seems to act as a kind of ’carbonate
dissolution barrier’, thereby preventing the intrusion
of corrosive, presumably deeper, waters from the
East Greenland continental margin onto the Iceland
Plateau. This is concluded because Holocene carbon-
ate values range between 16–40% on the eastern side
of the ridge, but are far below 10% just west of the
Kolbeinsey Ridge (Lackschewitz, 1991; Baumann et
al., 1993). In core PS1247 from close to the conti-
nental slope of Greenland (Fig. 9) the carbonate con-
tent is <1% during the Holocene, but rises to ¾15%
during the Eemian. A visual check of the sand-size
fraction revealed T. quinqueloba in the Eemian in-
terval and obviously less corrosion of foraminiferal
tests. Almost no specimens of T. quinqueloba were
to be found throughout the Holocene section where
all foraminiferal tests appear extremely fragmented.
In core PS1247 it is not feasible to use an abundance
record of T. quinqueloba as proxy because the disso-
lution effects may have caused a major alteration of
the original species composition. Nevertheless, the
general difference in test corrosion between the two
interglaciations of this core give further evidence
that water mass properties were obviously not of the
same kind for both intervals.

During warm interglacial periods coccoliths in
the Nordic seas comprise a substantial part of the
fine carbonate in the sediments whereas the coarse
carbonate mainly consists of foraminifera. In the
Eemian section of M23352 (Fig. 10), the coarse
carbonate clearly exceeds Holocene values whereas
fine carbonate remains low. Results from the Nordic
seas based on the Holocene coccolithophorid assem-
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Fig. 9. Records of CaCO3 and δ18O of core PS1247 from the Greenland continental margin and below the modern track of the cold East
Greenland Current (note the much larger sample intervals applied to the δ18O record). Shaded bar marks the interval which is interpreted
as the correlative of the Eemian and Holocene MIO, respectively. The stratigraphic position of the Eemian MIO is confirmed by a high
peak in CaCO3 (260–270 cm) which coincides with highest and lowest proportions of foraminifera and IRD respectively, as well as
by the identification of the Pullenia bulloides horizon (¾230 cm) as stratigraphic marker for MIS 5a in this core (Birgisdottir, 1990).
Foraminiferal tests in the Holocene section are less fragmented than in the Eemian interval, implying less CaCO3 corrosion. CaCO3 data
are from Birgisdottir (1990) and the δ18O record is from Köhler (1992).

blage (mainly 3 species) show a dominance of the
’cold’ species C. pelagicus (Samtleben et al., 1995),
which in core M23352 makes up between 80–90%
of the total assemblage. This species is absent in the
Eemian section of this core (H. Andruleit unpubl.
data).

Can the spatial and temporal trends in T. quin-
queloba abundance and carbonate patterns also be
recognized in stable isotope data? As already noted
in core M23065 (Fig. 2), the level of oxygen isotope
values of Holocene and Eemian times do not differ
much at the Vøring Plateau, where the main mass of
warm Atlantic surface water enters the Nordic seas.
Therefore significant interglacial climate changes are

probably difficult to identify here. They should be
more pronounced where temperature gradients are
steeper, i.e., closer to Greenland. The detailed plank-
tic δ18O record of core M23352 from the NW Iceland
Plateau (Fig. 10) corroborates our findings based
on T. quinqueloba and CaCO3: the Eemian interval
differs significantly from the Holocene. The con-
stantly lower Eemian δ18O values of ¾0.25‰ during
the IRD-free intervals would indicate a tempera-
ture difference of about 1ºC (Epstein et al., 1953)
at the main calcification depth of N. pachyderma
sin., which appears to lie between 100–200 m water
depth even in ice-covered regions (Carstens and We-
fer, 1992; Bauch et al., 1997). Therefore, an effect
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Fig. 10. Planktic δ18O and CaCO3 content from the NW Iceland Plateau. Note the significant Holocene=Eemian discrepancy in δ18O
values and the differences between fine and coarse CaCO3 content. Shaded bars mark IRD-free core sections (MIO). The prominent
spike in the δ18O record prior to the Eemian MIO seems to correlate with a spike recorded in core PS1247 at a similar stratigraphic level
(Fig. 9).

of other freshwater sources, e.g. from sea-ice melt-
ing, river run-off, or precipitation that might have
led to a lowering of these Eemian δ18O values can
also be ruled out, because these would occur at the
very surface. Moreover, the inference that relatively
normal marine salinities existed in the upper surface
water during this time is further corroborated by the
presumed ecological preference of T. quinqueloba to
live within a certain range of full-marine salinities
(Carstens et al., 1997).

From carbonate content, T. quinqueloba abun-
dance as well as from the planktic δ18O and U K 0

37
records we may conclude that during the Eemian
MIO the influence of the cold Polar Domain on the
surface water temperature of the western Iceland Sea
was weaker than in the Holocene MIO.

A strong Eemian decrease of T. quinqueloba
abundances towards the north is well documented
in our cores, even though this is not really seen in
the δ18O values (Figs. 4 and 5). But closer to the
Fram Strait, there is further evidence that the Eemian
was indeed less ’warm’ as an interglacial than the
Holocene (Fig. 11). Here, the δ18O curve shows a
shift of more than 1.4‰ since the LGM. This is in
contrast to the transition from MIS 6 to MIS 5e,
which only varies between 0.7 to 1.0‰. As docu-
mented in many benthic δ18O records from outside
the Nordic seas, there is no reason to believe that the
global ice volume was significantly smaller in MIS
6 than in MIS 2 (e.g., Shackleton, 1987; see also
Fig. 2). Assuming that about 1‰ of the total δ18O
change since the LGM can be attributed to the global
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Fig. 11. Planktic δ18O and CaCO3 records from the Fram Strait area. Note the relative difference in the δ18O values between the two
MIOs. In contrast, similar δ18O values are recorded for the glacial maxima of late MIS 6 and 2 (compare with, e.g., Fig. 10).

ice volume effect (Schrag et al., 1996), the remain-
ing 0.4‰ observed in core PS1535 are either due to
enhanced freshwater input or a temperature increase.
In all our studied cores planktic δ18O records from
the Nordic seas based on N. pachyderma sin. show
δ18O values of about 4.5–4.8‰ for the glacial max-
ima of MIS 2 and 6, indicating similar SSTs and
surface salinities for these two periods. Such values
are also recorded for core PS1535, implying that
the relatively small change of about 0.7–1‰ during
Termination II is either due to relatively cold surface
water or caused by a smaller input of freshwater
from melted ice. A freshening of the surface water in
this region would be obviously also directly linked
to a temperature increase.

In Core PS1535 it is not a supposedly warm
Eemian section that reveals the lowest oxygen values
during MIS 5, but the later event MIS 5a (Köhler
and Spielhagen, 1990). The stratigraphic position of

MIS 5a in this core is clearly recognized by the
occurrence of the benthic foraminifera Pullenia bul-
loides, which can be used as stratigraphic indicator
for MIS 5a (Haake et al., 1992), whereas MIS 5e is
also confirmed through nannoplankton studies (Bau-
mann, 1990). A relatively cold Eemian in the Fram
Strait region has been also interpreted by others
investigating coccolith abundances, various marine
sedimentological proxies as well as bivalves around
Svalbard (Gard and Backman, 1990; Hebbeln and
Wefer, 1997; Mangerud et al., 1998). Although the
last glacial to Holocene climate change is also well
documented in planktic δ18O records from the Arctic
Ocean proper (Stein et al., 1994; Nørgaard-Pedersen
et al., 1998), a similar δ18O signal for the Eemian pe-
riod is not recognizable (Nørgaard-Pedersen, 1997;
Spielhagen et al., 1997), implying a different type of
ocean circulation in the sub-arctic region during the
latter period.
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5. Palaeoceanographic implication of Eemian
temperature gradients

The modern surface water circulation pattern of
the northern Nordic seas reveals that still relatively
warm Atlantic surface water of about 2ºC intrudes
the eastern Arctic Ocean via Fram Strait by subduc-
tion below the cold halocline and across the Barents
Sea (Rudels, 1995; Environmental Working Group,
1998). To maintain a mass-balanced water budget in
the Arctic Ocean, only as much water can leave the
Arctic Ocean as is replaced by Atlantic water (¾5–6
Sv; Hanzlick, 1983) of which most flows through
Fram Strait, as well as by water from the Pacific
Ocean (¾0.8 Sv; Coachman and Aagaard, 1988)
and Arctic rivers (¾0.1 Sv; Aagaard and Carmack,
1989).

Based on the conclusions reached before, the
EGC, which is the main source of cold upper water
in the Polar Domain of the Nordic seas today, did
probably not protrude as far south during the Eemian
as during the Holocene. This Eemian situation can be
explained by a pattern of ocean circulation in which
the Fram Strait area (and eastern Arctic Ocean) was
somehow shut off from a modern-type water mass
exchange, and only little Atlantic water reached this
Arctic region. A reduced advection of Atlantic water
masses would not only have led to a decrease in
the northwardly directed ocean heat flux, but would
have also resulted in a much weaker outflow of cold
polar water from the Arctic Ocean itself (Fig. 12).
Today, cold polar surface waters flow along the East
Greenland continental margin southward and across
the Greenland and Iceland seas and accounts for
much of the observed cold SSTs in these areas. A
similarly cold western Iceland Sea cannot be inferred
from any of the shown data for the Eemian. Instead,
the main mass of inflowing warm Atlantic water
remained in the southern part of the Nordic seas.

So, why did the Atlantic surface water during
the Eemian not influence also the northern Nordic
seas the way it happens today and during most of
the Holocene? The answer to this important ques-
tion is somewhat speculative because the history
of Saalian (MIS 6) ice sheet decay in Fenoscandia
as well as the impact of the meltwater from these
ice sheets on the surface water circulation in the
Nordic seas is rather uncertain. For the deglacial and

postglacial time after MIS 6 this impact must be
assumed to have been at least as strong as during
Termination I (Sarnthein et al., 1995) and the early
Holocene (Bauch and Weinelt, 1997). As can be in-
ferred from our own data (see Figs. 2 and 3) and data
of other sediment cores from the eastern Norwegian
Sea (e.g., Fronval and Jansen, 1997), Termination
II penetrated far into MIS 5e, making a substantial
part of the MIS 5e interval to have been influenced
by meltwater. Freshening the surface water in the
Norwegian Sea during this time would have caused
salinities less suitable for most planktic foraminifera
and may have promoted sea-ice formation during
winter season. It further would have stratified the
upper water column, conditions which are thought
to have an enormous effect on surface water circu-
lation (Dickson et al., 1988; Broecker and Denton,
1989; Rahmstorf, 1995). The fact that in the northern
Norwegian Sea the part of MIS 5e with highest test
concentrations of subpolar species is still associated
with some IRD may indicate lowered salinities even
within the MIO (Fig. 3). If the northern Norwegian
Sea surface water was indeed marked by relatively
low salinities in the Eemian MIO compared to the
Holocene, these fresher waters in the northern Nor-
wegian could have forced most of the more saline
Atlantic surface water towards the west rather than
allowing it to flow further north (Fig. 12).

A variable watermass exchange between the Arc-
tic Ocean and the Nordic seas may be an important
control on the interglacial climate system with con-
sequences for the entire N. Atlantic sector. The pro-
posed Eemian zonal surface circulation would result
in a much steeper meridional temperature gradient
in the eastern Nordic seas than is indicated for the
Holocene. Previous investigations on the last inter-
glaciation have not revealed a major deviation from
the Holocene situation (Kellogg, 1980; Sejrup and
Larsen, 1991). Our steep Eemian temperature gradi-
ent probably occurred along a front that run roughly
East–West at about 70ºN rather than between the
Nordic seas and the NE Atlantic as suggested by
other investigators who had only very few data from
a limited area of the Nordic seas at their hands
(Cortijo et al., 1994; Labeyrie et al., 1995).

The paleoclimate and palaeoceanographic conse-
quences of our inferred steep temperature gradient
at 70ºN and a partially warmer southern Nordic seas
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Fig. 12. Proposed surface water circulation for the Eemian marine interglacial optimum (dots indicate studied sites). It shows a reduced
advection of warm Atlantic water (grey arrows) towards the north and into the Arctic Ocean, consequently leading to a relatively weak
influence of cold polar waters (black arrows) farther south in the western Iceland Sea. Because most of the Atlantic water remained in
the southern Nordic seas and flowed close to Greenland, the Eemian main oceanographic front (black dashed line) was aligned east–west
rather than south–north like in the Holocene (dashed stippled line). That the little Atlantic water which reached the northern Nordic
seas during the Eemian was also flowing northward along the eastern part of the Nordic seas due to coriolis forcing can be inferred
from recently published data from the central Greenland Sea, which show more than 95% of N. pachyderma sin. throughout the Eemian
interval (Fronval and Jansen, 1997). The data base used for our study does not allow to speculate about the consequences of this Eemian
circulation pattern on the rates of deep water formation in the Iceland and Greenland seas.

for the Eemian than for the Holocene may have also
led to a relatively reduced SST difference between
the southern Nordic seas and the NE Atlantic dur-
ing the Eemian. Previous interpretations of terrestrial
data from the Eemian have indicated 1–3ºC higher
temperatures than in the Holocene for the western
European mid-latitudes south of 60ºN (Velichko et
al., 1984; Guiot et al., 1993). Furthermore, recent es-

timates of SSTs from the NE Atlantic (between 40–
50ºN) based on alkenones also record higher values
for the Eemian than for the Holocene (Villanueva et
al., 1998 in press). These higher SSTs for the Eemian
in this area also agree with a ca. 2ºC difference de-
duced from planktic foraminiferal data (Ruddiman et
al., 1986).
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6. Conclusions

Sediment core sections from the Nordic seas
covering the Eemian and Holocene intervals were
investigated. A multiproxy approach based mainly
on the polar=subpolar proportion in the plank-
tic foraminiferal assemblage, planktic and benthic
foraminiferal δ18O records, CaCO3 as well as IRD
contents supported by U K 0

37 -SST estimates was used
in order to allow for a detailed comparison of the
surface water circulation pattern of these two warm
periods. Only the proxy data from those parts of
the two interglaciation were used for this compari-
son which are characterized by lowest IRD content
and highest proportion of warm surface water indi-
cating subpolar foraminifera. These parts are, thus,
interpreted as the time of the marine interglacial
optimum.

All the proxy records investigated indicate for the
Eemian a comparatively cooler northern Nordic seas
(ca. north of 70º latitude) than for the Holocene due
to a reduction in the northwardly flow of Atlantic
surface water on one hand and, consequently, less
outflow of polar waters from the Arctic Ocean on
the other. For the southern part of the Nordic seas
slightly higher Eemian sea surface temperature can
be deduced from our data for the western Iceland Sea
compared to the Norwegian Sea, which is contrary to
the Holocene situation. The IRD records in relation
to subpolar abundance and δ18O clearly indicate that
Termination II penetrated far into MIS 5e, possibly
due to reduced salinities in the surface water of the
northern Norwegian Sea. Such conditions may have
affected surface water circulation in the way that
despite coriolis forcing most of the Atlantic water
was deflected into the Iceland Sea rather than flowing
further north towards Fram Strait and into the Arctic
Ocean as today. The particular Eemian conditions
resulted in a zonal surface water circulation with a
steep meridional temperature gradient in SSTs.

If our Eemian scenario of a strong meridional
temperature gradient between the Arctic Ocean and
southern Nordic seas is correct, then this situation
should have left an imprint on the polar regions
itself. A relatively cold northern Eurasian margin
could have resulted in more glaciated areas with con-
sequences for the atmospheric circulation patterns,
sea-ice cover, and albedo at these high northern lati-

tudes. Obviously, this hypothesis may be difficult to
prove in those areas which after the Eemian were
overrun by the Fenoscandian, Barents and Kara ice
sheets of Weichselian age. Instead such evidence
may be preserved in biotic records from Arctic
Siberia, a region which is far beyond Atlantic mois-
ture supply and which, therefore, probably remained
rather unaffected by the dynamic behaviour of large
ice sheets.

The revealed fundamental differences between
the Eemian and Holocene periods indicate that a
one to one modern climatic analog may be dif-
ficult to find in late Quaternary records. But the
data also show that Eemian climate conditions are
still in many respect Holocene-like. Therefore, this
period remains an object well suited for climate
modelling, because it can be studied from its begin-
ning after glacial MIS 6 until it terminated towards
MIS 5.4. Moreover, since highest temperatures ex-
ceeded those of the Holocene optimum and sea level
was higher by several meters, the marine records of
the Eemian should provide important information of
those changes which may occur in the near future.
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nessen, T., Jung, S., Koç, N., Labeyrie, L., Maslin, M., Pflau-
mann, U., Schulz, H., 1995. Variations in Atlantic surface
ocean paleoceanography, 50º–80ºN: A time-slice record of the
last 30,000 years. Paleoceanography 10, 1063–1094.

Schrag, D.P., Hampt, G., Murray, D.W., 1996. Pore fluid con-
straints on the temperature and oxygen isotopic composition
of the glacial ocean. Science 272, 1930–1932.

Sejrup, H.P., Larsen, E., 1991. Eemian–Early Weichselian N–S

temperature gradients; North Atlantic–NW Europe. Quat. Int.
10/12, 161–166.

Shackleton, N.J., 1987. Oxygen isotopes, ice volume and sea
level. Quat. Sci. Rev. 6, 183–190.

Sikes, E.L., Volkman, J.K., 1993. Calibration of alkenones unsat-
uration ratios (U K 0

37 ) for paleotemperature estimation in cold
polar waters. Geochim. Cosmochim. Acta 57, 1883–1889.

Spielhagen, R.F., Bonani, G., Eisenhauer, A., Frank, M., Fred-
erichs, T., Kassens, H., Kubik, P.W., Mangini, A., Nørgaard-
Pedersen, N., Nowaczyk, N.R., Schäper, S., Stein, R., Thiede,
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